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The accurate measurement of total body water (TBW) is
difficult, requiring isotopic dilution techniques not applicable to
the clinical setting. The need for a simple and accurate measure-
ment of TBW in dialysis patients is particularly important, as it
directly relates to urea kinetic modeling (UKM) and has implica-
tions for the assessment of dry weight. Currently, TBW is calcu-
lated either with single pool analysis of two or three BUN samples
or as a percentage of body weight. The former technique makes
assumptions about intercompartmental transfer of urea and is
confounded by access recirculation and post-dialysis urea rebound
[1]. The latter method can be highly inaccurate in obese patients
[2].
Bioimpedance analysis (BIA) has been validated as a technique
to measure TBW in healthy adults with a standard error of
estimate between 1.4 to 3.5 liters [3]. Traditionally, studies have
used a fixed frequency of 50 kHz with electrodes placed in an
ipsilateral distal limb position. Recently, multifrequency analyzers
have become available which apply current at different frequen-
cies allowing for conductance through various body fluid compart-
ments. Current is conducted through extracellular water at low
frequency, because of the inability of the electrical current to
penetrate cell membranes, and through total body water at high
frequencies [3]. The ability to use this noninvasive technique to
accurately measure volume compartment size has many potential
clinical applications, particularly in the field of hemodialysis.
Therefore, the purpose of this study was to evaluate the use of
BIA for the measurement of TBW in hemodialysis (HD) patients.
A multiple frequency modeling approach using the Hanai equa-
tions was compared to single frequency linear estimates.
Methods
Eight HD, eight age- and race-matched control subjects and
nine additional control subjects were studied. HD patients were
chosen from the general dialysis population if they did not have
clinical signs or symptoms of congestive heart failure, liver
disease, peripheral or pulmonary edema, and if their interdialytic
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weight gain averaged 1 to 3 kg. All patients had a hematocrit of
greater than 25% and a serum albumin of greater than 3.5 g/dl.
All subject were instructed to fast overnight. The morning of
the study each subject was weighed and given an oral dose of
deuterium oxide (D20). They then remained supine for the
duration of the study except for weighing. HD patients were
admitted overnight to the clinical research center (CRC), given a
light breakfast, and then fasted for the remainder of the study.
Baseline, three and four hour venous blood samples were drawn
for measurement of D20 as described below. BIA measurements
were performed in duplicate on all subjects at the three and four
hour time periods.
Following the four hour D20 determination, HD patients
underwent a four hour dialysis to their previously determined dry
weight, with a HG400 dialyzer using a Fresenius volummetric
machine. Patients were weighed pre- and post-HD. Following a
two-hour equilibration period, which has been shown to allow for
stabilization of the plasma volume following ultrafiltration [4], a
baseline deuterium blood sample was obtained and the HD
patients were redosed with D20. Blood was sampled three and
four hours later and multifrequency BIA performed. Pre-HD
electrolytes and Hcts were drawn five hours before HD and
post-labs were drawn four hours following dialysis.
Multifrequency bioimpedance analysis was performed using the
Xitron 4000 multifrequency analyzer (Xitron Technologies, Inc.,
San Diego, California, USA) as previously described by our
laboratory [5]. Briefly, an alternating current ranging from 5 to
500 kHz was applied with self-adhesive skin electrodes (7.7 X 1.9
cm, Xitron Technologies, mc) placed in the traditional four
terminal ipsilateral location (wrist/ankle) and in the recently
described proximal location (elbow/knee) [6]. Electrode place-
ment was on the right side for control subjects and the non
vascular access side for dialysis patients. Electrodes remained in
place for the entire study to eliminate errors caused by placement
variability.
Deuterium oxide was administered orally to all subjects at a
dose of 60 mg/kg. The dilution space was measured as the
difference between the baseline concentration and the average of
the three and four hour concentrations. These values were within
3% (mean difference 0.1 1.1%) of each other, indicating that
sampling was performed following equilibration of the isotope in
TBW. D20 concentrations were analyzed by isotope ratio mass
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spectrometry and corrected for deuterium exchange with non-
aqueous hydrogen by the correction factor of 1.04 [7].
Cakulations and statistics
D20 dilution measurements of TBW from control subjects
were used in a stepwise regression analysis with an F to enter and
remove of 4 (Minitab Statistical Software, College State, Pennsyl-
vania, USA) to determine the best fit equation for predicting
TBW. Variables evaluated were weight, height, sex, and the
traditional bioimpedance index, height2lR (Ht2/R) where R is the
resistance measured by BIA at the following three selected
frequencies: 5, 50, 148 kHz with electrode placement in either the
distal or proximal locations. These frequencies were chosen
because measurement at 5 kHz has been reported to measure
extracellular fluid volume [3], 50 kHz is the classical measurement
frequency of most single frequency bioimpedance machines, and
148 kHz was the optimal frequency for estimation of TBW
derived from previous work in our laboratory (unpublished
data). This equation was then used for dialysis patients to predict
TBW.
TBW was also calculated using the BIA computer modeling
software (Xitron Technologies). This program calculates intracel-
lular and extracellular resistance values by extrapolating a Cole-
Cole model plot of the measured reactance and resistance at
varying frequencies to a theoretical frequency of 0 and infinity.
These resistance values were then used in the Hanai equations to
calculate TBW (Xitron Technologies, Inc., literature). These
equations describe the movement of current in a conducting
solution containing non-conducting elements (Appendix A).
Differences between means of two groups were determined by
nonpaired t-test (Instat, San Diego, California, USA) and multi-
ple group comparisons were made using ANOVA (Instat). Dif-
ferences between TBW measurements using two techniques were
reported as the mean of the absolute differences with 95%
confidence intervals and as the mean error of measurement,
defined as the mean of the individual measurement errors
(TBWD2O — TBWexperimentaIfFBWD2o x 100). Plots of the differ-
ences between two techniques were used to show scatter around
the line of identity, with D20 measured TBW as the abscissa.
Results
Demographic data for the HD patients and eight age matched
controls are shown in Table 1. All patients were black and there
were no differences between the other variables. Demographic
data for the nine unmatched control subjects are also shown in
Table 1. Electrolyte and Hct values changed slightly following
HD, but did not correlate with BIA or D20 measured water losses.
All HD patients had stable dialysis treatments achieving their
target weight loss without hypotension. Stepwise regression anal-
ysis using the eight matched control subjects demonstrated that
Ht2/R at a frequency of 148 kHz with proximal electrode place-
ment gave the best estimate of TBW. The equation TBW = 9.079
+ 0.214 (Ht2/R148), had an r value of 0.96 (estimated standard
deviation 3.31). When TBW was calculated for HD patients using
this equation the means were not statistically different from that
determined by D20 dilution either pre- (41.7 6.7 vs. 40.1 6.3
liter) or post-HD (38.7 7.1 vs. 38.4 6.0 liter; Table 2). However,
a plot of the differences between the two techniques showed varia-
tion around the zero line, with eight estimates outside of liter of
the predicted value (Fig. 1). The mean absolute difference was 2.3
liter (95% confidence limits of 1.6 to 3.0 liter) and the mean error of
measurement was 5.9 3.2%. When this equation was used to
estimate TBW for a second unmatched control population the
results were slightly more variable (Table 2). The mean absolute
difference was 2,6 liter (95% confidence limits of 1.0 to 4.2 liter) and
the error of measurement was 8.0 6.1%. For the entire study
population, excluding the control group from which the linear
equation was derived, the mean absolute difference of the linear
equation from D20 was 2.4 liter (95% confidence intervals of 1.8 to
3.1 liter) and the overall error of measurement was 6.7 4.4%.
The TBW predicted by multifrequency BIA using distal elec-
trode placement and the modeled Hanai equations was not
significantly different from the TBW calculated from the D20
dilution space for matched control subjects (40.5 13.3 vs. 41.9
11.3 liter), unmatched control subjects (33.9 9.6 vs. 35.2 8.3
liter), and for HD patients both pre- (39.0 5.0 vs. 40.1 6.3
liter) and post-HD (37.2 5.9 vs. 38.4 6.0 liter; Table 2). A plot
of the differences between the two techniques for the HD patients
showed some variability about the zero line with all but four
estimates within liter of predicted (Fig. 2). The mean absolute
difference for dialysis patients both pre- and post-HD was 1.8 liter
(95% confidence limits of 0.9 to 2.7 liter; error of measurement
4.4 3.9%), while the mean absolute difference for matched and
unmatched control subjects were 3.5 liter (95% confidence limits
of 1.4 to 5.7 liter; measurement error 8.3 6.6%) and 2.5 liter
(95% confidence limits of 1.5 to 3.4 liter; measurement error 7.6
4.4%), respectively. For the entire study population the mean
absolute difference was 2.4 liter (95% confidence limits of 1.7 to
3.1 liter) while the overall error of measurement was 6.2 5.0%.
BIA measurements of TBW pre- and post-HD resulted in a
calculated volume loss that was not significantly different from the
measured weight loss (2.0 1.2 kg) using either the linear
regression equation (3.0 1.7 liter) or the modeled multifre-
quency BIA (1.8 1.9 liter; Table 3). Volume loss measured by
D20 was 1.8 0.8 liter (Table 3). The mean absolute difference
for the individual techniques versus measured weight loss was as
follows: D20 0.7 liter (95% confidence limits of 0.3 to 1.1 liter);
linear regression 1.0 liter (95% confidence limits of 0.3 to 1.6
liter); modeled multifrequency BIA 1.5 liter (95% confidence
limits 0.7 to 2.2 liter).
Discussion
In this study we have demonstrated that BIA can accurately
predict TBW as measured by D20 dilution space over a wide
range of TBW. The absolute difference from D20 measured TBW
was 2.4 liter for both the linear equation (proximal electrode
placement) and for the modeled multifrequency analysis (distal
electrode placement) while the percent error of measurement was
6.7 and 6.2%, respectively. Review of Figures 1 and 2 reveal that
the modeling analysis resulted in very precise estimation of TBW
for most HD patients, with only four TBW measurements (in 2
patients) falling outside the two liter range. In these cases
modeling under-predicted TBW. In contrast, the derived linear
equation tended to both over and under predict TBW with more
individual data points falling outside the two liter range. In our
small number of HD patients the linear equation and the modeled
BIA were equally good at predicting measured weight loss.
While both the modeled BIA and the linear equation precisely
predicted TBW in most patients both techniques were very
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Table 1. Demographic data for HD patients and matched and unmatched control subjects
Age
years
Height
cm
wht
(pre/post) Sex
mEq/liter mEq/liter %
pre/post
HID pts #
1 56 172,8 87.8/87.0 M 144/143 3.9/4.1 31.9/35.1
2 24 183.0 74.4/70.1 M 142/136 5.1/5.4 26.1/34.6
3 59 171.0 68.1/67.1 M 143/142 3.8/3.5 29.1/29.4
4 45 172.0 92.0/90.5 M 132/139 4.2/4.3 42.4/45.4
5 39 170,4 71.3/69.8 F 139/139 4.7/3.9 25.3/26.4
6 34 181.8 74.0/72.7 F 143/142 5.1/4.2 26.8/26.9
7 40 155.0 72.2/70.1 F 138/138 5.9/5.9 32.7/37.1
8 43 154.5 88.0/84.6 F 136/141 4.9/4.6 29.3/34.2
Mean 42.5 170.1 78.5/76.5
1 SD 11.3 10.6 9.2/9.3
Age
years
Height
cm
Weight
kg
Sex
Matched controls
1 23 175.0 68.2 M
2 44 180.9 103.0 M
3 43 171.0 90.6 M
4 47 190.8 113.0 M
5 48 167.0 66.0 F
6 49 156.7 75,5 F
7 44 161.1 66.5 F
8 48 171.3 63.6 F
Mean 43.3 171.7 80.8
1 SD 8,5 10.8 19.0
Unmatched controls
1 23 170.0 74.3 M
2 32 190.5 103.2 M
3 23 186.9 76.6 M
4 30 167.6 77.0 M
5 23 188.0 77.3 M
6 25 138.5 45.4 F
7 27 156.2 53.9 F
8 26 170.8 63.1 F
9 27 165.0 60,7 F
Mean 26.2 170.4 70.2
1 SD 3.2 16.7 16.8
imprecise in a few cases. In general the modeled equation tended
to underpredict TBW while the linear equation was more variable.
Careful review of the individual cases did not reveal any system-
atic differences between those individuals where the techniques
were highly precise versus those in which it was not.
Although changes in electrolyte composition and Hct could
effect the conducting properties of both the intracellular and
extracellular fluid and thereby alter BIA measurement of TBW
[8], we did not find a relationship between these variables. This
fact probably reflects the small changes in the Hcts and electrolyte
composition observed in our patients, and is consistent with an
earlier report that did not find a correlation between HD induced
electrolyte changes and measured electrical resistance [9]. In that
study, changes in Hct values drawn immediately pre- and post-HD
did correlate with changes in electrical resistance [9], a finding
that probably resulted from the rise in Hct due to plasma volume
reduction. In our study, the post-HD Hct and electrolytes were
drawn four hours after dialysis and therefore reflect a new steady
state. This difference in methodology allowed us to measure TBW
in HD patients without the confounding influence of changing
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Fig. 1. Plot of the differences between TBWdetennined by the best fit linear
regression equation versus TBW determined by D20 dilution. Squares
represent pre-HD and circles post-HID. Lines connect data points for
individual patients.
TBW by deuterium, liters
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TotaI body water (liters) measured by
D20 Modeled BL& Regression equation
pre/post pre/post pre/post
HD pt #
1 47.7/46.2 42.6/40.6 49.8/47.9
2 44.3/40.9 43.4/40.9 45.9/39.1
3 39.0/38.0 38.3/38.8 44.0/41.7
4 42.6/41.7 41.2/43.0 40.2/37.5
5 35.5/34.3 33.0/30.4 37.2/35.0
6 47.0/44.5 45.8/43.4 49.6/48.3
7 30.8/29.3 32.9/29.6 32.7/30.6
8 34.0/32.1 34.8/31.2 33.8/29.7
Mean 40. 1/38.4 39.0/37.2 41.7/38.7
1 SD 6.3/6.0 5.0/5.9 6.7/7.0
Matched controls
1 39.6 31.7 NA
2 56.7 62.2
3 40.8 43.6
4 62.2 59.7
5 32.2 31.5
6 35.8 30.3
7 33.8 31.0
8 34.3 33.9
Mean 41.9 40.5
1 SD 11.3 13.3
Unmatched controls
1 36.0 33.0 37.7
2 51.1 52.7 51.3
3 45.0 42.4 46.8
4 33.8 37.1 37.7
5 36.2 36.3 43.6
6 24.6 21.5 27.8
7 28.6 25.7 31.0
8 30.2 28.7 32.2
9 31.6 27.5 30.7
Mean 35.2 33.9 37.6
1 SD 8.3 9.6 8.1
Hcts and electrolyte concentrations. Our findings suggest that in
the steady state BIA can accurately measure TBW as determined
by D20 dilution.
Earlier attempts to use single frequency BIA to measure
changes in TBW have been only partially successful. Deurenberg
showed that BIA could measure changes in TBW as determined
from deuterium dilution in healthy subjects using a single fre-
quency between 50 to 100 kHz [10]. In this study, mean BIA
measured weight loss accurately predicted the mean diuretic-
induced weight loss [10]. A problem with this study was that the
regression equations were used in the same patient population in
which they were developed, raising questions about their use in a
different population. Kouw et al [11] used BIA conductivity
measurements over a short segment of the lower extremity in
control and dialysis patients relative to an in vitro conductivity
measure to determine the ratio of intracellular to extracellular
fluid volume. From these measurements dry weight was predicted,
although TBW reference values were not employed. This study
was based on earlier work by de Vries et al, who developed
models for measuring intracellular and extracellular fluid volume
by BIA [8, 12].
Although BIA has been widely accepted as a technique to
measure TBW in healthy adults [3, 13], its use in other popula-
tions has not been validated. The use of UKM in HD has resulted
HD pt #
Volume loss in liters as measured by
Wt loss kg D20 Modeled BIA Regression equation
1 0.8 1.5 2.5 1.9
2 4.3 3.4 2.5 6.7
3 1.0 1.0 —0.5 2.4
4 1.5 1.0 —1.8 2.8
5 1.5 1.2 2.6 2.2
6 1.3 2.5 2.4 1.4
7 2.1 1.5 3.3 2.1
8 3.4 1.9 3.6 4.1
Mean 2.0 1.8 1.8 3.0
1 SD 1.2 0.8 1.9 1.7
in the need for an accurate measure of TBW. The traditional
method for calculating TBW by UKM is limited by the non single
pooi nature of urea kinetics along with confounding variables such
as access recirculation [1]. New attempts to use dialysate urea
measurements [14] to calculate urea kinetics require an indepen-
dent measure of TBW. Pastan and Gassensmith [15] attempted to
use single frequency BIA at 50 kHz to measure urea space
determined from a number of different urea kinetic models. They
found that TBW predicted by BIA closely approximated TBW
predicted from anthropometric measurements but tended to
overestimate TBW from UKM [15]. We have now shown that
TBW can be accurately measured in HD patients using either a
linear equation at the single frequency of 148 kHz and proximal
electrode placement or the modeled multifrequency BIA. The
ease and accuracy of BIA suggest that it may be a useful tool in
improving the measurement of dialysis adequacy.
In this study D20 space was used as the accepted reference
method for TBW. While this technique is well accepted in normal
individuals [3], animal desiccation studies [2] show some variabil-
ity in the technique. There are of course no such studies in
humans. However, the ability of D20 to predict measured weight
Table 2. TBW measured by D20, modeled multifrequency BIA and
linear regression equation E.2 4
a) 3
2
28 30 32 34 36 38 40 42 44 46 48 50
TBW by deuterium, liters
Fig. 2. Plot of the differences between TBW determined by modeled multi-
frequency BIA versus TBW determined by D20 dilution. Squares represent
pre-HD and circles post-HD. Lines connect data points for individual
patients.
Table 3. Measured weight loss pre- and post-HD versus volume loss
measured by D20, modeled multifrequency BIA and linear
regression equation
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loss to within 0.8 kg suggests that it is a very accurate measure of
TBW in dialysis patients. As measured volume loss is the differ-
ence in two independent measurements of TBW it suggests that
the individual D20 measurements in this study were accurate to
kg. While we did not directly confirm that the TBW
calculated from the D20 dilution space was identical to the urea
volume of distribution, it is generally excepted that urea distrib-
utes in TBW. Furthermore, calculation of TBW from urea
kinetics is complicated by urea rebound due to transcellular or
intercompartmental shifts and access recirculation [1]. We there-
fore employed deuterium as the accepted reference standard for
the measurement of TBW.
It should be noted that all BIA measurements performed in this
study were done with subjects in the supine position for three to
four hours. We have previously demonstrated that positional
changes effect BIA [5], and before this technique can be used in
the outpatient setting further work is need to confirm these
measurements in a setting more approximating the outpatient
dialysis clinic.
In summary, BIA using either our linear equation and proximal
electrode placement or modeled multifrequency analysis with
distal electrode placement can accurately predict total body water
both in healthy subjects and patients pre- and post-HD. While the
implications of this technology are immense, further studies are
needed before it can be applied in the outpatient setting.
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Appendix A
Modeled Hanai equations for multifrequency BIA measurement of
TBW
(1) Calculation of extracellular volume: Veçt
Veci = ececi)
F = [L2)tL]
kecf = a constant incorporating constants for body density, the
resistivity of ecf, and a correction for whole body measure-
ment based on ankle wrist electrodes.
Recf = extracellular resistance for a theoretical zero frequency
current determined from BIA
W weight in kg L = height in cm
a From Xitron Technologies, Inc., literature.
(2) Calculation of intracellular volume:
(1 + rie)5 = r [1 + (rik1,)]
where ne = Vici/Vecf
= a constant relating the resistivity of intracellular to extracel-
lular fluid
r = (R + Rci)fR
where R1f = intracellular resistance determined by BIA
(3) Calculation of total body water: TBW
TBW V + VIcE
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